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Abstract 

Modern  applications,  such  as  wireless  communication  systems  or  hybrid  electric  vehicles  operate  at  high  power  fluctuations.  For  some  applica¬ 
tions,  where  the  power  frequencies  are  high  (above  some  10  or  100  Hz)  it  is  possible  to  filter  the  high  frequencies  using  passive  components;  yet 
this  results  in  additional  costs.  In  other  applications,  where  the  dynamic  time  constants  are  in  the  range  up  to  some  seconds,  filtering  cannot  be 
done.  Batteries  are  hence  operated  with  the  dynamic  loads.  But  what  happens  under  these  dynamic  operation  conditions? 

This  paper  describes  the  fundamentals  of  the  dynamic  characteristics  of  batteries  in  a  frequency  range  from  some  MHz  down  to  the  mHz  range. 
As  the  dynamic  behaviour  depends  on  the  actual  state  of  charge  (SOC)  and  the  state  of  health  (SOH),  it  is  possible  to  gain  information  on  the 
battery  state  by  analysing  the  dynamic  behaviour. 

High  dynamic  loads  can  influence  the  battery  temperature,  the  battery  performance  and  the  battery  lifetime. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Most  technical  systems  are  dynamic  systems.  Such  systems 
have  an  input  and  an  output.  If  a  time-dependent  signal  u{t)  is 
connected  to  the  system,  a  time-dependent  signal  y(t)  can  be 
measured  at  the  system  output.  The  input  signal  is  the  system 
stimulation  and  the  output  signal  is  the  system  response.  Fig.  1 
depicts  the  principle. 

A  dynamic  system  can  be  described  by  a  set  of  differential 
equations: 

y(t)  =  f[y(t),u(t)]  (1) 

The  input  and  output  signals  u{t)  and  y(t)  are  generally  vec¬ 
tors.  In  some  cases,  one  or  both  values  may  be  of  scalar  type. 

If  the  system  is  of  a  non-linear  type,  the  differential  Eq.  (1) 
are  non-linear  as  well. 

For  batteries,  the  input  and  output  signals  can  be  defined  in 
different  ways,  yet  it  is  most  common  to  define  the  current  and 
the  ambient  temperature  as  input  signals.  The  output  signals  are 
the  battery  voltage,  the  battery  temperature,  the  state  of  charge 
(SOC)  and  the  state  of  health  (SOH).  There  may  be  other  out- 
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put  signals,  such  as  the  resistance  or  open  circuit  voltage,  but 
from  the  dynamic  viewpoint  these  additional  output  signals  yield 
only  small  additional  information  and  are  therefore  neglected 
here. 

A  simple  example  of  the  dynamic  characteristic  is  shown 
in  Fig.  2.  The  figure  indicates  the  voltage  of  a  NiMH  battery 
at  pulsed  discharge.  The  discharge  regime  is  in  line  with  the 
GSM  standard  with  a  pulse  duration  of  577  jxs  and  a  period  of 
4.8 1  ms.  The  pulse  current  is  2  A  and  the  current  in  the  rest  period 
is  0.2  A.  The  discharge  voltage  shows  a  voltage  ripple  of  about 
40-50  mV.  Assuming  that  the  voltage  ripple  is  caused  solely  by 
an  ohmic  resistance,  for  simplification,  the  battery  resistance  can 
be  calculated  to  22-28  mQ. 

Comparing  a  battery  that  is  operated  with  a  pulse  charge 
and/or  discharge  regime  with  a  battery  that  is  operated  with 
constant  current/voltage,  the  following  questions  arise  for  pulse 
operation: 

•  Voltage  peaks/voltage  drops? 

•  Additional  heat  generation? 

•  Battery  performance? 

•  Longer  or  shorter  battery  lifetime? 

The  dynamic  behaviour  of  batteries  is  influenced  both  by 
internal  and  by  external  parameters. 
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Fig.  1.  A  dynamic  system  with  the  system  stimulation  u(t)  and  the  system 
response  y(t). 

Internal  parameters: 

•  state  of  charge  (SoC); 

•  state  of  health  (SoH); 

•  dc  and  ac  resistance; 

•  battery  design  parameters. 

External  parameters: 

•  temperature; 

•  dc  current; 

•  short-term  history; 

•  long-term  history. 


Conversely,  the  dynamic  characteristic  contains  information 
on  the  above  parameters.  Quite  a  lot  of  work  has  hence  been  done 
in  the  past  to  analyse  the  dynamic  characteristic  for  battery  state 
determination.  It  is  important  to  know  the  different  frequency 
ranges  and  time  domains  of  all  the  possible  physical  effects 
inside  a  battery  to  gain  an  interpretation  of  measured  signals. 

The  time  domain  of  the  system  response  of  a  battery  is  in  a 
wide  range  from  some  microseconds  up  to  several  years.  This 
wide  range  is  caused  by  different  physical  effects  that  can  be 
divided  into:  electric  and  magnetic  effects  (very  fast  effects), 
operation  principle  effects,  such  as  mass  transport  and  double¬ 
layer  effects  and  long-term  effects  caused  by  operation  regimes. 
Fig.  3  depicts  the  time  domains  of  the  different  effects.  However, 
the  figure  can  give  only  a  rough  overview,  as  the  time  domains 
of  most  effects  strongly  depend  on  the  battery  chemistry,  the 
battery  design,  the  temperature,  the  SOC  and  the  SOH  of  the 
battery. 

Temperature  effects  are  not  indicated  in  the  figure.  The 
dynamic  of  the  battery  temperature  depends  on  the  heat  capac¬ 
ity,  the  heat  dissipation  and  the  heat  generation  of  the  battery. 
As  the  heat  generation  is  contingent  on  the  load  profile,  the  time 
domain  of  the  heating  can  be  in  a  wide  range  from  some  10  s  up 
to  some  hours.  In  addition,  the  temperature  influences  most  of 
the  battery  parameters  [1],  resulting  in  an  interaction  between 


Fig.  2.  Battery  discharge  with  pulsed  current,  as  is  typical  for  a  GSM  cellular  phone. 
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Fig.  3.  Typical  time  ranges  of  different  dynamic  effects  of  batteries. 
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the  temperature  time  domain  with  the  time  domains  of  the  other 
effects. 

The  following  chapters  describe  these  effects  in  more  detail. 

2.  Long-term  effects 

Long-term  effects  typically  are  related  to  the  operation 
regime  of  the  battery.  Effects,  such  as  battery  ageing  and  change 
in  state  of  charge  belong  to  this  category. 

2.7.  Ageing  effects 

Ageing  influences  the  battery  performance  and  hence  the  out¬ 
put  parameters  significantly.  The  time  domain  of  battery  ageing 
is  typically  in  the  range  of  months  to  years.  For  primary  cells, 
ageing  is  understood  as  ageing  due  to  storage  only  and  not  ageing 
through  discharge. 

2.2.  Reversible  effects 

Some  electrochemical  storage  systems  show  reversible 
effects.  These  effects  occur  during  cyclic  operation  and  the 
battery  can  be  regenerated  by  a  special  charge  or  discharge 
regime.  For  example,  vented  lead-acid  batteries  show  an  acid 
stratification  that  can  be  removed  by  an  extended  charge.  NiCd 
batteries  can  show  the  so  called  memory-effect:  refreshing 
of  the  battery  is  possible  by  applying  a  full  cycle.  The  time 
domain  of  such  reversible  effects  lies  between  the  values  of 
the  ageing  effects  and  the  cycling  effects.  Typical  time  con¬ 
stants  are  as  short  as  some  hours  and  as  long  as  approximately 
1  year. 

2.3.  Cycling  and  SOC  effects 

If  a  battery  is  discharged  or  charged,  the  state  of  charge  is 
changed.  This  itself  is  a  dynamic  characteristic  of  each  battery. 
Additionally,  the  voltage  of  the  cell  is  influenced  by  the  SOC. 
The  time  domain  of  SOC  change  or  cycling  depends  on  the 
operational  conditions.  Typically,  the  time  domain  is  from  some 
minutes  up  to  several  days. 

During  cycling,  the  battery  can  heat  up,  caused  by  the  internal 
heat  sources.  The  generated  heat  is  influenced  to  a  great  degree 
by  the  discharge  current  and  the  current  profile.  Assuming  an 
ohmic  resistance  as  heat  source,  the  heat  is  calculated  by: 

Pr  =  Rlln  (2) 

In  case  of  a  GSM  discharge  profile,  the  effective  current  is 
1.73  times  that  of  the  average  current.  This  results  in  a  three 
times  higher  heat  generation  in  comparison  to  a  constant  current 
discharge  with  the  same  average  current. 

Fig.  4  shows  the  temperature  increase  for  a  AA-size  NiMH 
cell  for  different  discharge  regimes,  all  with  the  same  average 
current  (1C rate).  Table  1  presents  the  different  effective  currents. 

If  the  heat  source  were  simply  an  ohmic  resistance,  the  tem¬ 
perature  increase  for  the  different  discharge  regimes  would  have 
to  be  much  higher.  In  other  words,  this  means  that  the  heat  source 


peak  pulse  current  [A] 

Fig.  4.  Temperature  increase  of  a  AA-size  NiMH  battery  at  different  pulse  load 
profiles  with  the  same  average  discharge  current,  (a)  Constant  current,  1-  1 .8  A; 
(b)  5  ms  OA,  5  ms  3.6  A;  (c)  7.5  ms  OA,  2.5  ms  7.2  A;  (d)  8.2ms  OA,  1.8  ms 
10  A. 

Table  1 


Effective  currents  at  different  duty  cycles 


Pulse  current  (A) 

Duty  cycle  (%) 

4ff  (A) 

1.8 

100 

1.8 

3.6 

50 

2.55 

7.2 

25 

3.67 

10 

18 

4.2 

is  not  simply  an  ohmic  resistance  but  a  more  complex  network 
with  the  ability  to  filter  some  of  the  alternating  current. 

3.  Mass  transport  effects 

Within  batteries,  the  transport  of  ions  is  done  by  diffusion 
and  by  migration.  Diffusion  is  caused  by  the  gradient  in  con¬ 
centration,  whereas  migration  is  caused  by  forces  of  the  electric 
field.  Both  forces  may  have  different  directions.  Migration  is 
often  hindered  by  solvated  molecules  that  cover  the  ion.  In  most 
cases,  the  diffusion  is  largely  responsible  for  the  mass  transport. 
Diffusion  can  be  found  at  different  locations  inside  the  cell: 

1 .  In  the  free  electrolyte  or  the  separator:  as  the  ions  are  pro¬ 
duced  on  the  one  electrode  and  are  consumed  on  the  other 
electrode,  the  ions  have  to  move  between  the  electrodes. 

2.  Within  the  porous  electrode  as  the  electrochemical  reaction 
can  take  place  anywhere  (inner  or  outer  part  of  the  porous 
electrode)  on  the  active  mass  surface:  as  the  diffusion  within 
the  porous  electrode  is  limited  by  geometry,  it  plays  an  impor¬ 
tant  role  in  the  dynamic  behaviour  of  batteries. 

3.  The  reaction  products  can  move  within  the  active  mass  to 
their  final  location  by  diffusion. 

4.  In  case  of  lithium-ion  batteries,  there  is  a  film,  the  solid  elec¬ 
trolyte  interface  (SEI),  on  the  surface  of  the  anode.  Diffusion 
of  Fi-ions  through  the  SEI  has  a  significant  influence  on  the 
electric  behaviour  of  Fi-ion  batteries.  For  aged  cells  in  par¬ 
ticular,  the  SEI  is  changed,  resulting  in  an  altered  dynamic 
characteristic  [2]. 
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Fig.  5  portrays  the  three  locations  where  diffusion  can  take 
place.  As  the  battery  has  two  electrodes,  the  diffusion  within 
the  porous  electrode  and  within  the  active  mass  (am)  is  in  both 
electrodes. 

Fick’s  first  law  describes  the  diffusion: 

d  Ci 

Ni  =  -Dt  (3) 

d  z 

where  N(  is  the  flux  of  component  i  [mol  (s  cm2)-1];  D[  is  the 
diffusion  coefficient  [cm2  s-1];  q  is  the  concentration  of  com¬ 
ponent  i  [mol  cm-3];  z  is  the  direction  of  mass  transfer  [cm]. 

The  diffusion  coefficient  is  material  specific.  Typical  values 
for  the  diffusion  coefficients  are  set  out  below: 

in  gases:  10-1  cm2  s-1; 
in  liquids:  10-5  cm2  s-1; 
in  solids:  10-10  to  10-13  cm2  s-1. 

The  temperature  is  a  key  influencing  factor  in  the  diffusion 
coefficient.  Fig.  6  shows  the  diffusion  constant  for  diluted  sulfu¬ 
ric  acid  as  a  function  of  the  temperature  and  the  concentration. 

The  limitations  of  the  diffusion  of  the  ions  result  in  locally 
changed  ion  concentrations.  From  the  electrical  perspective, 
the  diffusion  results  in  an  over-potential  caused  by  reduced  or 
increased  ion  concentration  at  the  location  of  charge  transfer. 
As  a  reservoir  for  ions  exists  in  the  free  electrolyte  and  the 
porous  structure  of  the  electrodes,  the  diffusion  shows  a  dynamic 
characteristic.  Time  constants  representing  the  diffusion  depend 
on  electrode  thickness  and  structure  to  a  great  degree.  Typical 
response  times  are  in  the  range  of  seconds  to  minutes. 

Impedance  spectroscopy  can  be  employed  for  analysing 
the  dynamic  behaviour  of  batteries  [3].  At  low  frequencies 
(f<  1  Hz),  impedance  measurements  mainly  show  the  mass 


Fig.  6.  Temperature  and  concentration  dependence  on  the  diffusion  coefficient 
of  diluted  sulfuric  acid. 

transport  effects.  Fig.  7  sets  out  the  Nyquist  plot  for  three  dif¬ 
ferent  types  of  diffusion  layers  (Fig.  8): 

-  Left :  This  is  a  semi-infinite  diffusion  layer.  An  example  is  a 
planar  electrode  in  an  infinite  electrolyte  reservoir.  At  this  con¬ 
dition,  the  impedance  plot  has  a  constant  phase  of  —45°  for 
the  entire  frequency  range.  An  element  describing  this  char¬ 
acteristic  is  the  so-called  Warburg  element.  The  impedance  is 
given  by: 

Zw  =  ^172  (4) 

where  a  is  the  Warburg  coefficient,  co  the  angular  frequency 
and  Zw  is  the  impedance. 

-  Middle :  This  type  of  impedance  curve  is  typical  for  a  limited 
diffusion  with  an  ideal  reservoir  at  the  boundary.  An  example 
is  a  rotating  disc  electrode.  The  thin  layer  on  the  electrode  sees 
an  ideal  reservoir  in  the  free  electrolyte.  At  high  frequencies, 
the  characteristic  is  identical  to  the  Warburg  element,  as  the 
diffusion  in  the  diffusion  layer  is  not  influenced  by  the  limited 
diffusion  layer. 

Such  elements,  also  in  a  modified  form  (Gerischer  circuit 
element),  are  often  used  for  describing  the  porous  electrodes 
of  batteries. 

-  Right :  This  type  of  impedance  curve  is  typical  for  layers  that 
contain  a  limited  amount  of  electroactive  substance.  At  high 
frequencies,  the  curve  is  identical  to  the  Warburg  element, 
whereas  at  low  frequencies  the  material  limitation  dominates 
the  curve.  At  low  frequencies,  the  electric  equivalent  circuit 
is  a  resistor  and  a  capacitor  in  series. 


-Im(Z)  -Im(Z)  -Im(Z) 


Fig.  7.  Nyquist  plots  describing  diffusion  effects.  Left:  Semi-infinite  diffusion  layer.  Middle:  Limited  diffusion  layer  with  ideal  reservoir  at  the  boundary.  Right: 
Limited  diffusion  layer  with  a  fixed  amount  of  electroactive  substance. 
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Fig.  8.  Electric  equivalent  circuit  for  diffusion  effects. 


zw 


Fig.  9.  Electric  equivalent  circuit  for  diffusion  effects. 

Batteries  and  supercapacitors  sometimes  show  this 
behaviour. 

It  is  quite  difficult  to  describe  the  electric  characteristic  of 
diffusion  mechanisms  by  conventional  ( R ,  L,  C)  elements.  How¬ 
ever,  this  can  be  done  using  a  chain  of  RC  elements,  as  shown 
in  Fig.  9.  Examples  in  the  literature  can  be  found  at  [4,5]. 

Such  electric  circuits  have  complex  equations,  many  param¬ 
eters  and  a  limited  accuracy.  Therefore,  the  elements  describing 
mass  transport  effects  are  simply  shown  as  impedance  elements 
with  the  impedance  Zw-  A  detailed  description  of  the  mass  trans¬ 
port  impedance  elements  including  their  equations  is  given  in 
ref.  [6]. 

4.  Double-layer  effects 

A  charge  zone  is  formed  on  the  layer  between  the  electrode 
and  the  electrolyte.  Caused  by  the  short  distance  and  the 
large  surface  in  porous  electrodes,  the  charge  amount  cannot 
be  neglected.  The  charge  amount  that  is  stored  in  this  layer 
depends  on  the  electrode  voltage.  As  the  behaviour  resembles  a 
capacitor,  this  effect  is  called  electrochemical  double  layer  or, 
more  practical,  double-layer  capacitance.  Different  models  that 
describe  the  electrochemical  double  layer  have  been  introduced. 
The  first  model  was  the  Helmholtz  model  (see  Fig.  10,  left), 
with  simply  a  fixed  single  layer  (Helmholtz  layer).  Other 
models  that  describe  the  characteristic  in  more  detail  followed. 
These  models  use  a  diffuse  layer  or  a  mixture  of  fixed  and 
diffuse  layers  (see  Fig.  10,  right). 

As  the  double-layer  capacitor  is  on  the  electrode  surface,  it 
occurs  in  parallel  to  the  electrochemical  charge  transfer  reac¬ 


Rct 


Fig.  11.  Simplified  equivalent  electric  circuit. 

tion.  The  electrochemical  charge  transfer  reaction  is  typically 
described  by  the  electrochemical  potential  and  charge  transfer 
over-potential  as  given  by  the  Butler- Vollmer  equation.  From 
the  electrical  network  point  of  view,  the  electrochemical  poten¬ 
tial  is  not  of  interest  as  it  has  a  resistance  of  0  Q.  It  is  hence 
neglected  in  the  equivalent  electrical  circuit  (Fig.  11).  The  charge 
transfer  over-potential  is  described  by  the  charge  transfer  resis¬ 
tor  Rqt  and  the  double-layer  capacitor  by  the  capacitor  Cdl- 
The  serial  ohmic  resistor  describes  the  ohmic  resistance  of  the 
electrolyte,  the  current  collector  and  the  active  mass.  As  this 
element  is  independent  of  the  electrochemical  double  layer,  it  is 
discussed  later. 

It  is  important  to  know  that  Cdl  and  Rqt  are  not  constant  ele¬ 
ments.  They  are  impacted  by  the  state  of  charge,  the  temperature, 
the  battery  age  and  the  current. 

The  current  that  flows  through  the  battery  is  divided  at  the 
phase  boundary  into  a  part  that  flows  in  the  charge  transfer  reac¬ 
tion  and  a  part  that  flows  into  the  double-layer  capacitor.  As  the 
capacitor  can  store  only  a  limited  charge  amount,  it  is  mainly 
charged  in  the  first  moment  of  a  charge  pulse.  After  a  short  time, 
the  whole  current  flows  through  the  charge  transfer  reaction. 
When  the  charge  pulse  is  finished  and  the  battery  goes  into  a 
rest  phase  or  phase  with  a  smaller  charge  current,  the  double¬ 
layer  capacitor  is  discharged  and  the  charge  amount  flows  into 
the  charge  transfer  reaction.  This  means  that  the  elements  Rqt^ 
Cdl  form  a  low-pass  filter  for  the  charge  transfer  reaction.  The 
double-layer  capacitor  can  only  carry  alternative  currents  with  a 
“high  frequency”,  which  results  in  filtering  for  the  charge  trans¬ 
fer  reaction. 

As  the  two  electrodes  of  a  battery  are  not  equal,  the  dynamic 
characteristics  of  both  electrodes  are  also  different.  For  lead-acid 
batteries,  the  typical  double-layer  capacity  of  the  positive  elec¬ 
trode  lies  in  the  range  of  7-70  F(Ah)-1 ,  while  the  negative  elec¬ 
trode  has  a  typical  double-layer  capacity  of  0.4-1.0F(Ah)-1. 
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Fig.  10.  Two  models  describing  the  double-layer  capacity:  on  the  left,  the  Helmholtz  model  and  on  the  right,  the  Grahame  model. 
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Fig.  12.  Frequency  response  of  the  two  electrodes  of  a  lead-acid  battery  caused 
by  the  double-layer  effect. 


Taking  the  charge  transfer  resistance  into  account,  the  low-pass 
characteristic  of  both  electrodes  is  given.  Fig.  12  shows  the  char¬ 
acteristic  for  a  typical  automotive  lead-acid  battery.  As  the  figure 
indicates,  the  cut-off  frequency  is  approximately  10  Hz  for  the 
positive  electrode  and  approximately  100  Hz  for  the  negative 
electrode.  This  means  that  alternative  currents  with  a  frequency 
above  100  Hz  do  not  flow  through  the  charge  transfer  reaction. 
They  are  filtered  by  the  double-layer  capacitor.  Also,  pulse  cur¬ 
rent  profiles  are  filtered  and  the  charge  transfer  reaction  sees  the 
average  current.  This  effect  is  the  main  reason  why  the  temper¬ 
ature  increase  for  pulse  current  operation,  as  shown  in  Fig.  4,  is 
not  as  high  as  initially  expected. 

The  cut-off  frequency /g  and  the  time  constant  trc  are  given 
by  the  following  equations: 


1 


^  2nRC  ’ 


Trc  =  RC 


The  impedance  curve  of  the  RC  element  (Fig.  13)  is  a  simple 
semi-circle,  where  the  diameter  is  given  by  the  resistance  and 
the  angular  point  is  the  cut-off  frequency.  As  the  two  electrodes 
may  have  different  parameters,  the  impedance  plot  is  given  by 
superposition  of  both  electrodes. 

The  time  constants  depend  on  the  materials  and  the  surface. 
For  batteries,  the  time  constant  is  in  the  range  of  milliseconds  to 
some  seconds. 


5.  Effects  caused  by  porous  electrodes 

Porous  electrodes  as  used  in  batteries  are  complex  compo¬ 
nents.  Their  behaviour  is  different  from  planar  electrodes  and 
they  have  a  great  influence  on  the  dynamic  characteristic.  As 
mentioned  above,  the  diffusion  of  ions  through  the  porous  struc¬ 
ture  is  one  of  the  limiting  factors  in  batteries.  Additionally,  the 
porous  structure  changes  during  discharging,  as  the  volume  of 
the  discharged  active  mass  in  most  systems  is  much  higher  than 
the  volume  of  the  charged  active  mass.  And  this  results  in  a 
reduction  of  the  porosity  during  discharging.  A  lower  porosity 
leads  to  a  lower  diffusion.  In  many  systems,  the  conductivity 
of  the  discharged  active  mass  differs  from  that  of  the  charged 
active  mass.  This  characteristic  changes  the  ohmic  resistance  of 
the  active  mass  during  discharging.  These  effects  result  in  an 
inhomogeneous  discharge  of  the  porous  electrode,  especially  at 
high  currents.  Fig.  14  shows  this  relation:  the  higher  the  dis¬ 
charge  current,  the  smaller  the  DOD  to  be  reached,  especially  in 
the  inner  part  of  the  electrode. 

This  characteristic  can  be  described  by  a  simple  model  as 
depicted  in  Fig.  15  .  The  resistors  for  electronic  conductivity  and 
the  resistors  for  ion  conductivity  are  then  a  function  of  the  local 
state  of  charge.  But  this  also  means  that  the  double-layer  capac¬ 
itor  and  the  charge  transfer  resistance  are  distributed  elements 
with  different  operation  parameters.  From  dynamic  viewpoint, 
this  means  that  the  time  constant  of  the  electrochemical  double 
layer  depends  on  the  state  of  charge  and  the  short-term  history. 

Looking  at  a  complete  porous  electrode,  the  equivalent  circuit 
can  be  expanded  in  the  vertical  direction.  For  the  overall  battery, 
both  electrodes  must  be  taken  into  account.  The  characteristic 
is  described  by  a  complex  network.  Fig.  16  shows  the  circuit 
for  a  whole  battery.  This  circuit  is  able  to  describe  a  vertical 
non-homogeneous  current  distribution,  which  is  typical  for  a 
lead-acid  battery  with  acid  stratification. 

Summarising  the  effects  of  porous  distributed  electrodes, 
findings  indicate  that  the  dynamic  characteristic  is  more  blurred 
in  comparison  to  the  discussed  effects. 

6.  Electric  and  magnetic  effects 

Next  to  the  slow  effects  of  mass  transport  and  the  electro¬ 
chemical  double  layer,  some  much  faster  phenomena  are  found 
in  a  battery. 


-Im(Z) 


Current  collector 


Fig.  14.  Lead-acid,  positive  electrode  at  different  discharge  rates:  1:  /20,  2: 1$, 
3:/i,4:6/!  [7]. 
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Fig.  15.  Porous  electrode  (left)  and  equivalent  circuit  for  a  horizontal  element  (right). 


The  ohmic  resistance  R b  is  the  sum  of  the  electrolyte  resis¬ 
tance,  the  resistance  of  the  current  collector,  the  active  mass  and 
the  transition  resistance  between  the  current  collector  and  active 
mass.  In  theory,  the  voltage  at  the  ohmic  resistance  immediately 
follows  the  battery  current  according  to  Ohm’s  law. 

Caused  by  the  geometry,  each  cell  has  a  serial  inductance. 
For  a  lead-acid  battery,  values  between  10  and  lOOnH/cell  for 
100  Ah  cells  are  reported  [4,9].  In  case  of  batteries,  the  induc¬ 
tance  of  the  serially  connected  cells  must  be  added.  Further,  the 
inductance  of  the  wiring  must  be  considered.  The  inductance 
limits  the  maximum  slew  rate  of  the  current.  However,  this  effect 
is  only  of  interest  for  large  batteries  (lead-acid)  and  for  frequen¬ 
cies  above  1  kHz.  In  case  of  small  batteries,  the  inductance  is 
much  smaller  and  much  higher  frequencies  (10- 100  kHz)  are 
necessary  to  show  the  conductance  characteristic. 

With  increased  frequency,  the  penetration  depth  of  the  ions 
in  the  porous  structure  decreases.  The  electrodes  more  and 
more  resemble  planar  electrodes.  At  these  high  frequencies,  the 
two  electrodes  form  a  simple  plate  capacitor  Cp  (interelectrode 
capacitance).  A  typical  value  for  a  lead-acid  battery  is  some 
lOnF/cell. 

Fig.  17  sets  out  the  equivalent  electric  circuit  for  the  high- 
frequency  characteristic. 


•  non-homogeneous  condition 
in  horizontal  and  vertical  direction 


positive 

electrode 


electrolyte 


negative 

electrode 


Together,  the  capacitor  and  the  conductance  form  a  resonant 
circuit.  Values  of  30  nH  and  30  nF  result  in  a  resonant  frequency 
of  approximately  5  MHz.  Such  resonant  frequencies  are  some¬ 
times  reported  by  working  groups  developing  pulse  devices  for 
desulfation  of  lead-acid  batteries  [10]. 

Another  effect  that  cannot  be  neglected  at  high  frequencies 
is  the  skin  effect.  Caused  by  electromagnetic  field  effects,  the 
penetration  depth  of  alternating  current  in  conductive  materials 
is  limited.  The  current  depth  is  contingent  on  the  material  prop¬ 
erties  and  the  frequency.  For  cylindrical  materials,  the  current 
depth  is  calculated  by: 


1 

V K/urf ’ 


where  k  is  the  conductivity  and  ft  is  the  permeability  of  the 
material. 

The  current  depth  reduces  the  useable  cross  section  area  of 
the  current  collector,  especially  if  the  current  depth  is  small  in 
comparison  to  the  radius  of  the  current  collector.  In  practice,  this 
increases  the  ohmic  resistance  of  the  battery.  It  must  be  taken 
into  account  that  the  skin  effect  is  only  valid  for  the  alternative 
current  part  of  the  flowing  battery  current.  The  resistance  of  the 
dc  current  part  is  not  influenced  by  the  skin  effect  at  all,  also  if 
high-frequency  alternative  currents  are  superimposed. 

Fig.  18  shows  the  current  depth  for  different  typical  battery 
current  collector  materials  as  a  function  of  the  frequency. 

As  the  figure  indicates,  lead  has  a  very  high  current  penetra¬ 
tion  depth.  However,  the  grids  in  lead-acid  batteries  are  thick 
in  comparison  to  other  battery  technologies.  Depending  on  the 
grid  technology,  the  current  collector  has  a  thickness  of  1-5  mm. 
Therefore,  the  skin  effect  shows  an  influence  at  frequencies  of 
above  some  kHz. 

Materials  used  in  Li-ion  batteries  (Al,  Cu)  show  a  current 
depth  of  approximately  only  1/3  of  the  depth  of  lead,  however, 
the  current  collector’s  thickness  for  this  battery  technology  is  in 
the  range  of  0.1  mm.  Only  at  frequencies  above  some  10  kHz  - 


Impedance  of 
electrodes 


Fig.  16.  Electric  equivalent  circuit  for  a  battery  with  porous  electrodes. 


Fig.  17.  High  frequency  equivalent  electric  circuit  for  a  battery. 
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Fig.  18.  The  skin  effect  for  different  materials  as  typically  used  for  batteries.  It 
is  assumed  that  the  material  has  a  cylindrical  shape. 


Fig.  20.  Impendance  spectroscopy  for  a  Li-ion  battery  for  different  states  of 
charge. 


or  perhaps  also  above  100  kHz  -  does  the  skin  effect  influence 
the  ohmic  resistance. 

Nickel  and  iron  are  used  as  current  collector  for  NiCd  and 
NiMH  batteries.  With  pasted  or  sintered  electrodes,  the  nickel 
substrate  has  a  thickness  of  approximately  0.1mm  (AA-size 
cells).  In  foam  electrodes,  the  current  collector  is  much  thinner. 
Therefore,  the  skin  effect  has  an  influence  only  at  frequencies 
above  10  kHz  in  case  of  NiCd  and  NiMH  batteries.  With  thicker 
electrodes  in  larger  NiCd  batteries,  the  skin  effect  becomes 
markedly  stronger. 

7.  Analysis  of  the  dynamic  battery  characteristic  using 
electrochemical  impedance  spectroscopy  (EIS) 

EIS  is  an  interesting  technology  for  analysing  the  dynamic 
behaviour  of  batteries.  Much  work  has  been  done  in  this  field 
[3,6] .  The  idea  behind  the  investigations  was  to  find  a  SOC/SOH 
determination  method. 


-ImZ 


Fig.  19.  Typical  Nyquist  plot  for  a  lead-acid  battery. 


The  Nyquist  plot  that  shows  the  complex  impedance  in  a 
single  curve  over  the  entire  frequency  range  is  in  most  cases 
used  to  show  the  impedance.  As  the  characteristic  of  batteries  is 
mainly  capacitive,  the  sign  of  the  imaginary  axes  is  reversed  to 
bring  the  curve  into  the  upper  part  of  the  diagram. 

Fig.  19  depicts  a  typical  Nyquist  plot  for  a  lead-acid  battery. 
The  curve  is  simplified  and  assumes  an  identical  characteristic  of 
both  electrodes.  The  diagram  allows  the  effects  caused  by  mass 
transport,  the  electrochemical  double  layer  and  the  electrical 
effects  to  be  separated.  The  resonant  effect  caused  by  the  inter¬ 
electrode  capacitance  and  the  serial  inductance  are  not  shown  in 
the  diagram. 

Fig.  20  sets  out  the  Nyquist  plot  for  a  small  Fi-ion  poly¬ 
mer  cell  at  different  SOCs.  The  half  circle  in  this  diagram  is 
blurred  due  to  the  superposition  of  the  two  semi-circles  of  both 
electrodes.  The  figure  shows  that  the  change  in  the  state  of 
charge  mainly  influences  the  low  frequency  characteristic.  This 
is  largely  caused  by  changes  in  the  mass  transport  characteristic. 
If  impedance  measurements  are  used  for  state  of  charge  deter¬ 
mination,  low  frequency  measurements  are  necessary,  requiring 
a  high  measurement  accuracy. 

Fig.  21  shows  a  Nyquist  plot  for  a  new  and  an  aged  Fi-ion 
polymer  cell.  The  aged  cell  was  operated  at  a  simulated  solar 
regime  for  300  solar  days  (20%  DoD)  at  a  temperature  of  40  °C. 


Fig.  21.  Impedance  spectroscopy  for  a  new  and  an  aged  Li-ion  battery. 
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The  final  capacity  of  the  aged  cell  was  35  %  of  the  initial  capacity. 
The  aged  cell  has  a  much  higher  impedance  in  comparison  to 
the  new  cell.  The  change  in  impedance  can  be  seen  over  the 
whole  frequency  range.  In  other  investigations,  where  the  battery 
ageing  was  limited  to  80%  of  initial  capacity,  the  change  in  the 
Nyquist  plot  was  more  significant  at  low  frequencies  and  nearly 
unchanged  at  high  frequencies. 

Both  diagrams  show  that  the  skin  effect  at  frequency  up  to 
100  kHz  is  immaterial  for  this  type  of  batteries. 

8.  Conclusions 

The  dynamic  response  of  batteries  covers  a  wide  frequency 
range,  starting  at  frequencies  of  some  pHz  and  ending  at  fre¬ 
quencies  of  some  MHz.  This  wide  range  is  caused  by  different 
physical  effects,  such  as  mass  transport,  the  electrochemical  dou¬ 
ble  layer  and  simple  electrical  effects.  Each  effect  has  a  typical 
frequency  range  of  approximately  three  decades.  However,  the 
typical  frequencies  depend  to  a  great  degree  on  the  battery  tech¬ 
nology  and  the  battery  design. 

Some  of  the  dynamic  effects  are  influenced  by  the  state  of 
charge  and  the  state  of  health,  hence  enabling  measurements  of 


SOC  and  SOH  to  be  considered.  A  sound  background  knowledge 
is  necessary  for  interpretation.  Some  fundamentals  have  been 
presented. 
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